Glycoside hydrolase (GH) family 13 comprises about 30 different specificities. Four of them have been proposed to form the GH13 pullulanase subfamily: pullulanase, isoamylase, maltooligosyl trehalohydrolase and branching enzyme forming the seven CAZy GH13 subfamilies: GH13 8-GH13 14. Recently, a new family of carbohydrate-binding modules (CBMs), the family CBM48 has been established containing the putative starch-binding domains from the pullulanase subfamily, the β-subunit of AMP-activated protein kinase and some other GH13 enzymes with pullulanase and/or αamylase-pullulanase specificity. Since all of these enzymes are multidomain proteins and the structure for at least one representative of each enzyme specificity has already been determined, the main goal of the present study was to elucidate domain evolution within this GH13 pullulanase subfamily (84 real enzymes) focusing on the CBM48 module. With regard to CBM48 positioning in the amino acid sequence, the N-terminal end of a protein appears to be a predominant position. This is especially true for isoamylases and maltooligosyl trehalohydrolases. Secondary structure-based alignment of CBM modules from CBM48, CBM20 and CBM21 revealed that several residues known as consensus for CBM20 and CBM21 could also be identified in CBM48, but only branching enzymes possess the aromatic residues that correspond with the two tryptophans forming the evolutionary conserved starch-binding site 1 in CBM20. The evolutionary trees constructed for the individual domains, complete alignment, and the conserved sequence regions of the α-amylase family were found to be comparable to each other (except for the C-domain tree) with two basic parts: (i) branching enzymes and maltooligosyl trehalohydrolases; and (ii) pullulanases and isoamylases. Taxonomy was respected only within clusters with pure specificity, i.e. the evolution of CBM48 reflects the evolution of specificities rather than evolution of species. This is a feature different from the one observed for the starch-binding domain of the family CBM20 where the starch-binding domain evolution reflects the evolution of species.
Introduction
The α-amylase family (Kuriki & Imanaka 1999; Mac-Gregor et al. 2001 ) forms within the CAZy classification (Coutinho & Henrissat 1999a ) the clan GH-H of three glycoside hydrolase (GH) families: GH13, GH70 and GH77. Despite an extremely large number of available sequences (more than 4,500 CAZy entries) and almost 30 different enzyme specificities, the α-amylase family members possess several typical common features. These are (Svensson 1994; Kuriki & Imanaka 1999; MacGregor et al. 2001; Janecek 1997 Janecek , 2002a van der Maarel et al. 2002; MacGregor 2005; Kuriki et al. 2006; Seo et al. 2008 ): (i) acting on α-glucosidic linkages, i.e. their hydrolysis or formation by transglycosy-lation; (ii) possessing from 4 up to 7 conserved sequence regions; (iii) adopting the parallel (β/α) 8 -barrel domain (i.e. TIM-barrel) as a fold for the catalytic domain; (iv) using the catalytic triad machinery consisting of aspartic acid, glutamic acid and aspartic acid at the TIMbarrel β-strands β4, β5 and β7, respectively; and (v) employing the retaining reaction mechanism.
Based on detailed previous evolutionary studies, several subfamilies of the α-amylase family were identified, such as the oligo-1,6-glucosidase and neopullulanase subfamilies (Oslancova & Janecek 2002) , cyclodextrin glucanotransferase and pullulanase subfamilies (Janecek et al. 2007 ). The main GH α-amylase family, family GH13, has recently been divided by the CAZy curators into subfamilies (both monofunctional and polyspecific) in order to establish robust groups exhibiting an improved correlation between sequence and enzymatic specificity (Stam et al. 2006) . This is an opposite trend to previous aims focused on grouping related families into clans (Henrissat & Bairoch 1996) . The members of the individual GH13 subfamily share in general a closer relatedness to each other than to the remaining GH13 family members, i.e. higher similarity in sequence, structure, specificity, and/or even taxonomy (Oslancova & Janecek 2002; Stam et al. 2006; Janecek et al. 2007 ). Similar divisions were done for other large GH families, e.g., for the families GH1 (Marques et al. 2003) , GH18 (Durand et al. 2005) , GH57 (Zona et al. 2004 ) and GH97 (Naumoff 2005) .
Approximately 10% of the amylolytic enzymes are able to bind and degrade the raw starch (Janecek & Sevcik 1999) . This ability is mostly due to a presence of a distinct starch-binding domain (SBD) (Svensson et al. 1989) . However, if also the secondary-binding sites are taken into account (Tibbot et al. 2002; Bozonnet et al. 2005; Gasperik et al. 2005; Nielsen et al. 2008; Ragunath et al. 2008) , obviously more than 10% of amylolytic enzymes can bind the raw starch. The individual SBDs have been classified into families of carbohydrate-binding modules (CBMs) (Coutinho & Henrissat 1999b ) that analogously with GHs are also available within the CAZy server (http://www.cazy.org/). Originally, the SBDs were found in microbial amylases only (Svensson et al. 1989; Janecek & Sevcik 1999) but at present it has become clear that several regulatory proteins of plant and animal origin also contain an SBD motif (Rodriguez-Sanoja et al. 2005; Machovic & Janecek 2006a) . Especially the motifs present in mammalian proteins (e.g., laforin, genethonin-1) have to be considered rather as glycogen-binding domains (GBDs) (Minassian et al. 2000; Janecek 2002b; Polekhina et al. 2005; Gentry et al. 2007 ). Thus the SBDs and/or GBDs can be found in the families CBM20, CBM21, CBM25, CBM26, CBM34, CBM41, CBM45 and recently also in CBM48 (Machovic & Janecek 2006a) . Except for the family CBM45 (Mikkelsen et al. 2006) , three-dimensional structures are known for at least one representative from each of the seven families (Coutinho & Henrissat 1999a) ; interestingly these SBDs all adopt a β-sandwich motif with an immunoglobulin fold (Boraston et al. 2004; Rodriguez-Sanoja et al. 2005; Hashimoto 2006; Machovic & Janecek 2006a) . From the evolutionary point of view, based on a detailed bioinformatics study the families CBM20 and CBM21 have already been proposed to be classified into a CBM clan (Machovic et al. 2005) . Subsequently many putative SBDs from both GH13 enzymes as well as plant and animal regulatory proteins have been suggested to be added to the CBM20-CBM21 clan because they share significant sequence similarities (Machovic & Janecek 2006b ). Just these putative SBDs were recently classified as a new CAZy family CBM48 (Coutinho & Henrissat 1999a ). In addition to GBD represented by the β-subunit of the mammalian AMP-activated pro-tein kinase (AMPK) (Polekhina et al. 2005) , the family CBM48 contains the putative SBDs present in the four enzyme specificities from the α-amylase enzyme family: pullulanase (PUL), isoamylase (IAM), maltooligosyl trehalohydrolase (MOTH), as well as the glycogen branching enzyme (GBE) and the starch branching enzyme (SBE). These enzymes have recently been revealed to constitute the so-called GH13 PUL subfamily (Janecek et al. 2007) ; the SBD being found as a domain that precedes the catalytic (β/α) 8 -barrel (Katsuya et al. 1998; Feese et al. 2000; Abad et al. 2002; Mikami et al. 2006) . Within the CAZy classification, these enzymes have been grouped in subfamilies as follows: GBE and SBE (GH13 8, GH13 9), MOTH (GH13 10), IAM (GH13 11) and PUL (GH13 12, GH13 13, GH13 14) .
The aim of this work was to elucidate in detail the evolutionary relationships within the GH13 PUL subfamily with a special focus on the evolution of their CBM48. The rigorous phylogenetic analyses, as shown recently also for a different CBM family, the family CBM32 (Abbott et al. 2008) , may even help to relate an unknown CBM sequence to its biological function. With regard to previous bioinformatics studies aimed at the SBDs of amylolytic enzymes (Janecek & Sevcik 1999; Janecek et al. 2003; Machovic et al. 2005 , Machovic & Janecek 2006b ) the present work may contribute to our better understanding the individual CBM families covering binding of starch and/or glycogen.
Material and methods
Amino acid sequences of the CBM48 modules studied here were retrieved from GenBank (Benson et al. 2000) and are listed in Table 1 . The final selection was based on information at the CAZy server (Coutinho & Henrissat 1999a; accessed January 2007) . Although many hypothetical enzymes have been classified to contain a CBM48, only enzymes with experimentally confirmed amylolytic function were selected forming a set of 84 proteins (Table 1) . Seventy-eight of these belong to the four main specificities creating the GH13 PUL subfamily, i.e. GBE and SBE (15 and 25, respectively), PUL (16), IAM (14) and MOTH (8). In addition, six enzymes having different specificity and domain arrangement were also included in order to examine their relationship to the PUL subfamily. These were the α-amylase from Roseburia sp. A2-194 (Ramsay et al. 2006) , PUL type III from Thermococcus aggregans (Niehaus et al. 2000) , the αamylase-pullulanases from Bacillus sp. KSM-1378 (Hatada et al. 1996) and Bifidobacterium breve (Ryan et al. 2006) and the amylopullulanases from Bacillus sp. XAL 601 (Lee et al. 1994) and Geobacillus stearothermophilus (Chen et al. 2001) .
The borders for individual CBM48 modules were defined using the structural data of the GH13 PUL subfamily representatives, i.e. the GBE from Escherichia coli (Abad et al. 2002 ) (Protein Data Bank code 1M7X), PUL from Klebsiella pneumoniae (Mikami et al. 2006 ) (2FHF), IAM from Pseudomonas amyloderamosa (Katsuya et al. 1998 ) (1BF2) and MOTH from Sulfolobus solfataricus (Feese et al. 2000 ) (1EH9), as well as using the UniProt (Apweiler et al. 2004) , GenBank (Benson et al. 2000) and Pfam (Bateman et al. 2002) databases. The GH13 PUL subfamily representatives, the GBD of AMPK β1 subunit from Rattus norvegi- (Shatsky et al. 2004 ). All three-dimensional structures were retrieved from the Protein Data Bank (Berman et al. 2002) . Sequence alignments were performed using the programs CLUSTALW (Thompson et al. 1994) , CLUSTALX (Jeanmougin et al. 1998) and T-COFFEE (Notredame et al. 1998) , and manually tuned. The method used for calculating the evolutionary trees was the neighbour-joining method (Saitou & Nei 1987) with the Phylip format tree output (Felsenstein 1985) using the alignments including the gaps. The trees were calculated for alignment of: (i) CBM48 modules; (ii) complete sequences; (iii) sequences of catalytic (β/α)8-barrel domains including domain B; (iv) domain C sequences; and (v) the α-amylase family conserved sequence regions. All the trees were displayed with the program TREEVIEW (Page 1996) and then manually tuned.
Results and discussion
Location of CBM48 module The CBM48 modules from GH13 PUL subfamily studied here are listed in Table 1 . It is obvious that the N-terminus of the enzyme or a region close to the N-terminal end of the polypeptide chain is a typical position for these CBMs (Fig. 1 ). This positioning is similar to that observed for example in 6-αglucosyltransferase (Mukai et al. 2004 ), α-glucan, water dikinase (Baunsgaard et al. 2005 ) and laforin (Minassian et al. 2000 ) that all contain CBM20 (Coutinho & Henrissat 1999b) . Typical microbial amylolytic enzymes, however, have the classical SBD of CBM20 type positioned C-terminally (Svensson et al. 1989; Janecek & Sevcik 1999; Machovic et al. 2005) . In all cases the CBM48 motif originating from a GH13 PUL subfamily member precedes the catalytic (β/α) 8 -barrel domain of the protein.
As can be seen from Figure 1 , the exact position of a CBM48 module correlates with the enzyme specificity. The CBM48 of some bacterial and eukaryotic GBEs is situated closer to the N-terminus in comparison with the motif from plant SBEs. This is in agreement with the results of the study focused on the N-terminal end of GBE from E. coli (Lo Leggio et al. 2002) indicating that the long N-terminal domain of some prokaryotic GBEs (group 1) has originated from a duplication of a similar N-domain present in various GH13 enzymes. This event resulted in the existence of N1 and N2 modules in group-1 GBEs, whereas the short N-terminal domain of other prokaryotic GBEs (group 2) is a single domain known as the N2 module (Lo Leggio et al. 2002) . Thus, Table 1. the location of a CBM48 module from bacterial GBEs belonging to the group 2 is closer to the N-terminus than is the location of CBM48 modules from bacterial GBEs of group 1 (Fig. 1) . It was also pointed out (Lo Leggio et al. 2002 ) that both mammalian GBEs and plant SBEs belong to the group 2 (having only the N2 module) despite the location of their CBM48 modules is more comparable with that of bacterial GBEs from group 1.
The location of CBM48 modules in PULs seems to be irregular with respect to taxonomy (Fig. 1) . It is thus worth mentioning that, for example, the PUL from Klebsiella pneumoniae (Mikami et al. 2006 ) possesses three N-terminal domains: (i) domain N1 known as the CBM41 module; (ii) domain N2; and (iii) domain N3 recognized as the CBM48 module succeeding by the characteristic α-amylase family GH13 domains A, B and C. The number and arrangement of the eventual N-terminal domains can be crucial also for location of the CBM48 module in PULs because their function has not yet been confirmed experimentally.
On the other hand, the position of CBM48 module of both archaeal and bacterial IAMs and MOTHs is well N-terminally conserved. This is especially true for MOTHs because the N-terminus of their polypep-tide chain is equivalent to the beginning of the CBM48 module (Fig. 1) . The N-terminal position is not conserved for the modules from plant IAMs with the exception of a rice enzyme (IAM OrysaA) having, however, adequately shorter sequence in comparison with other plant IAMs (Table 1) .
Finally, the CBM48 locations of the remaining six GH13 enzymes (Table 1) vary due to a different domain arrangement and enzyme length. The two αamylase-pullulanases from Bacillus sp. KSM-1378 and Bifidobacterium breve are both almost 2000 amino acid residues long. They contain two independent catalytic domains that are responsible for the α-amylase and PUL activity occupying the N-terminal and C-terminal part of the protein, respectively (Hatada et al. 1996; Ryan et al. 2006) . The CBM48 module is positioned in the PUL part of the enzyme, i.e. in the N-terminal region of the approximate second half of the primary structure (Fig. 1) . With regard to CBM48 modules of the PUL type III from Thermococcus aggregans and two amylopullulanases from Geobacillis stearothermophilus and Bacillus sp. XAL 601, all the three bacterial proteins contain their CBM48 module close to the N-terminus end seemingly in a similar way as observed for typical prokaryotic PULs (Fig. 1) . As far as the Table 1 . Other CBM modules are abbreviated as follows: CBM48 AMPK1 Ratno, GBD from R. norvegicus AMPK β-subunit 1; CBM20 GMY Aspni, SBD from A. niger GH15 glucoamylase; CBM20 CGT Bacci, B. circulans 251 GH13 cyclodextrin glucanotransferase; CBM21 GMY Rhior, SBD from R. oryzae GH15 glucoamylase. The numbers preceding and succeeding the alignment indicate the position of the CBMs in primary structures. Twelve residues in the alignment are highlighted by colours: (i) 11 consensus residues (Svensson et al. 1989 ) -two aromatics of the starch-binding site 1 in yellow and remaining nine residues in turquoise; and (ii) the conserved phenylalanine (Machovic et al. 2005; Machovic & Janecek 2006b ) in green. In the case of a substitution (or a gap), the position is highlighted by pink. The β-strands and α-helixes are highlighted in grey and red, respectively, and they are also signified by italics. α-amylase from Roseburia sp. A2-194 is concerned, it possesses the CBM48 module in the N-terminal part of the sequence but the module is in this case preceded by the two ∼110 residues long repeat units (rich in aromatic residues), PUL-associated domain and an additional unidentified domain (Ramsay et al. 2006 ). It should be taken into account that despite this enzyme was assigned α-amylase specificity (EC 3.2.1.1), it may be expected to be refined in the future, because the domain arrangement and amino acid sequence (discussed below) is rather strange for a typical αamylase.
Structure-based alignment and superposition of CBM48 modules
Since three-dimensional structures have been determined for each GH13 PUL subfamily specificity studied here as well as for GBD of the AMPK β-subunit, it was possible to perform the alignment of representative CBM48 modules with taking into account at least the secondary structure elements. In addition, the representatives of closely related CBM families CBM20 and CBM21 (Machovic & Janecek 2006b) can also be aligned with CBM48 modules in an effort to compare the overall secondary structure arrangement of CBM48, CBM20 and CBM21 modules (Fig. 2) . It is well known that a CBM in general can be characterized by a typical secondary structure composed of β-strands forming the core of the motif (Boraston et al. 2004; Hashimoto 2006) . This applies for the CBM20 (Penninga et al. 1996; Sorimachi et al. 1997 ) and CBM21 ) as well as for the known structures of CBM48 modules (Fig. 2) . Thus the modules of GBE from E. coli (Abad et al. 2002) and MOTH from S. solfataricus (Feese et al. 2000) consist exclusively of β-strands, whereas those of PUL from K. pneumoniae (Mikami et al. 2006 ) and IAM from P. amyloderamosa (Katsuya et al. 1998 ) possess a short α-helix succeeding the strand β5.
From the alignment (Fig. 2) it seems that the position of CBM48, CBM20 and CBM21 β-strands is generally better conserved in the N-terminal part of the modules. It is clear that the regions at or around the residues known as consensus CBM20 signatures (Svensson et al. 1989) belong to the best conserved segments. These consensus residues have been found well conserved not only among the real SBDs originating from various microbial amylolytic enzymes (Janecek & Sevcik 1999; Janecek et al. 2003) , but also in the putative SBDs exhibiting sequence similarities to motifs from the families CBM20, CBM21 and CBM48 (Machovic et al. 2005; Machovic & Janecek 2006b ). Moreover, not all of the consensus residues are indispensable for a CBM module to harbour the starch-and/or glycogen-binding activity (Machovic & Janecek 2006a,b) . This was documented for example for the eukaryotic regulatory proteins, such as laforin (Minassian et al. 2000; Gentry et al. 2007 ), AMPK (Polekhina et al. 2005) , and starch excess 4 protein (Kerk et al. 2006; Niittyla et al. 2006 ) that were evidently shown to bind starch and/or glyco- gen. It should thus be pointed out that not each of the four GH13 PUL subfamily specificities contain even the two aromatic residues corresponding with the raw starch-binding site-1 of the family CBM20 (Trp 543 and Trp 590 in SBD from A. niger GH15 glucoamylase) (Sorimachi et al. 1997 ). The details from comparison of sequences of CBM48 motifs from GBEs (SBEs), PULs, IAMs and MOTHs have already been given by Machovic & Janecek (2006b) . Since the presence of the starch-binding site-1 appears to be in a close relationship with the real raw starch-binding ability (at least in the families CBM20 and CBM21), the alignment of the CBM48 sequences may indicate that within the GH13 PUL subfamily only the branching enzymes should exhibit the raw starch-binding function (Fig. 2) . As mentioned above, three-dimensional structures have been available for at least one representative of the four GH13 PUL subfamily specificities as well as for GBD of AMPK β1 subunit. This made it possible to superimpose these CBM48 modules. In addition, the CBM20 and CBM21 representatives were superimposed with CBM48 modules in order to compare the degree of structural similarity within the family CBM48 with that revealed among all the three CBM families (Table 2). Focusing on the length of the motifs from the GH13 PUL subfamily, it varies as follows: GBE -105 residues, PUL -103, IAM -144 and MOTH -87. Despite the fact that the CBM48 motifs from IAM and MOTH are substantially longer and shorter, respectively, in comparison with the average CBM48 length (∼100 residues) (Coutinho & Henrissat 1999b) , at least 50% residues of IAM and more than 80% residues of MOTH were aligned in each superposition ( Table 2) . The lengths of CBM20 and CBM21 modules are comparable to those of CBM48 modules, i.e. CBM20 from glucoamylase -108 residues, CBM20 from cyclodextrin glucanotransferase -104 and CBM21 from glucoamylase -106. The values of both the number of overlapped C α atoms and the root mean square deviation (RMSD) clearly support the close similarity of the four GH13 PUL subfamily CBM48 motifs as well as the adequately close relatedness of the CBM48 module of AMPK β1 subunit (87 residues) to the motifs from GBE, PUL, IAM and MOTH. It is worth mentioning here that based on a sequence comparison the GBDs of AMPK βsubunits clustered rather in the CBM20 part of the evolutionary tree (Machovic & Janecek 2006b ). This may evoke an idea that also the family CBM48 could join the proposed clan of the families CBM20 and CBM21 (Machovic et al. 2005) , or at least the GBDs of AMPK β-subunits could be considered as an intermediate between CBM20 and CBM48. This is strongly supported by the values found for overlaying the AMPK's CBM48 with both CBM20 representatives (Table 2) ; the values for CBM48 from AMPK vs. CBM20 from cyclodextrin glucanotransferase are even better than those for the mutual CBM20 overlay. The evidently decreased number of overlapped residues for CBM20-CBM21 superpositions (Table 2) supports the previously postulated idea (Machovic et al. 2005 ) that, although the families may constitute a common CBM clan, they retain their own independence.
Evolutionary tree of CBM48 module
The evolutionary relationships among the CBM48 modules are displayed in Figure 3 . The evolutionary tree possesses five main clusters -four of these represent the four individual specificities of the GH13 PUL subfamily, while the fifth cluster is formed by the CBM48 modules from the two bacterial amylopullulanases, the PUL type III from T. aggregans and the α-amylase from Roseburia sp. A2-194 (Table 1) . The GH13 PUL subfamily specificities form, in fact, three main parts of the tree: (i) branching enzymes; (ii) MOTHs; and (iii) IAMs and PULs. It should be pointed out that firstly specificity is reflected in CBM48 evolutionary tree and only then the taxonomy is more-or-less kept within the specificity clusters (Fig. 3) . This is in contrast to what has been observed for the SBD of the CBM20 family (Janecek & Sevcik 1999) .
The cluster of branching enzymes contain forty CBM48 modules from bacterial and eukaryotic GBEs and plant SBEs. It is clear that prokaryotic and eukaryotic branching enzymes are well separated. Prokaryotic GBEs are found in three groups: Proteobacteria (with one exception -the GBE from Butyrivibrio fibrisol- Table 1 . The tree was constructed using the alignment including gaps. vens), Actinobacteria and Firmicutes, whereas eukaryotic GBEs from human and fungi are clustered together with eukaryotic SBEs from plants forming two compact clusters (Fig. 3) . It has already been demonstrated that there exist two classes of SBEs, i.e. the branching enzyme I and the branching enzyme II and, in addition, in monocots the branching enzyme II class is represented by the two discrete sets of genes known as branching enzyme IIa and branching enzyme IIb (Rahman et al. 2001) . The mutual positions of the plant SBE isoforms on the evolutionary tree are well conserved although the SBEs I from wheat and pea (SBE Triae1, SBE Pissa1) are placed within the cluster of SBE II and the SBE II from pea (SBE Pissa2) is positioned among the SBEs I (Fig. 3) .
With regard to MOTHs, their cluster includes three archaeal and five bacterial sources that all are on their separate branches, the division between the MOTHs from archaeons and bacteria being visible (Fig. 3) .
Concerning the observed close evolutionary relatedness of CBM48 motifs from IAMs and PULs, it is not surprising if the overall significant three-dimensional structural similarity of MOTH and PUL is taken into account (Mikami et al. 2006 ). The cluster of IAMs is formed by three different groups separating thus archaeal, bacterial and plant enzymes with one exception of interest: the bacterial CBM48 module of IAM from Rhodothermus marinus (IAM Rhoma) goes well with the archaeal counterpart from Sulfolobus acidocaldarius (Fig. 3) . Remarkably, this sharing position is held not only in this CBM48 tree but (as it will be discussed below) also in the evolutionary trees based on other domains. This indicates that the whole amino acid sequence of bacterial IAM from R. marinus possesses the features typical for the archaeal IAMs verified also by BLAST (Altschul et al. 1990 ; data not shown). Note that also the lengths of the two IAMs are mutually comparable: 726 (R. marinus) and 713 residues (S. solfataricus) in comparison with ∼760- Fig. 4 . The evolutionary trees of various motifs typical for the GH13 PUL subfamily. (a) Complete-sequence tree, (b) TIM-barrel tree, (c) conserved-sequence-regions tree, and (d) C-domain tree. The abbreviations and colour code of the proteins are explained in Table 1 . All the trees were constructed using the relevant alignments including gaps. 770 residues characteristic of most bacterial IAMs (Table 1).
As far as the PULs are concerned, the four plant PUL CBM48 motifs form a small cluster and the individual CBM48 representatives of bacterial PULs are on their own independent branches (Fig. 3) . Two bacterial motifs from K. pneumoniae and Caldicellulosiruptor saccharolyticus appear to be the closest bacterial counterparts to plant CBM48 modules. The CBM48 modules from the two bacterial α-amylase-pullulanases are also positioned in the PUL cluster (Fig. 3) . This is not surprising as they may be considered here to be pure PUL enzymes since their N-terminal α-amylase parts were ignored.
Finally, the CBM48 motifs from the two bacterial amylopullulanases, the PUL type III from T. aggregans and the α-amylase from Roseburia sp. A2-194 are placed all together between the clusters of branching enzymes and MOTHs (Fig. 3) . It is worth mentioning that the CBM48 module in these proteins has been classified in the Conserved-domain database (Marchler-Bauer et al. 2007 ) as a domain associated either N-or C-terminally with different types of catalytic domains and belonging to the so-called "E" or "early" set-like proteins, i.e. the α-amylase-like sugar utilizing enzymes that may be related to the immunoglobulin and/or fibronectin type III superfamilies.
Domain evolution of the GH13 PUL subfamily
Taking into account the modular character of the enzymes from the GH13 PUL subfamily studied here (Table 1) , the evolutionary trees based on the alignments of various parts of their sequences were constructed (Fig. 4) in addition to the CBM48 tree ( Fig. 3) . Thus the complete-sequence tree (Fig. 4a) , TIM-barrel tree (Fig. 4b) , conserved-sequence-regions tree (Fig. 4c) , and C-domain tree (Fig. 4d) were calculated based on the alignment of complete sequences, the sequences of the catalytic TIM-barrel domain including domain B, the isolated sequences of conserved sequence regions of the α-amylase family, and the sequences of domain C succeeding the catalytic TIM-barrel, respectively.
The most important feature documented by the trees is that the three trees based on complete sequences, TIM-barrels, and conserved sequence regions (Fig. 4a,b ,c) are comparable to each other and basically also to the CBM48 tree (Fig. 3) . The only substantial difference is branching of the group containing the two bacterial amylopullulanases, the PUL type III from T. aggregans and the α-amylase from Roseburia sp. A2-194 that in the trees shown in Figure 4 separates the clusters of GBE (SBE) and MOTH from those of IAM and PUL. In the CBM48 tree (Fig. 3) , the above-mentioned group of the four enzymes that do not belong to any of the four GH13 PUL specificities (branching enzyme, MOTH, IAM and PUL) is positioned between the GBE (SBE) and MOTH clusters. As pointed out already for the CBM48 tree, the cluster of IAMs is unique since the bacterial IAM from R. marinus is positioned together with the archaeal IAM from S. solfataricus (Fig. 4) .
The obvious similarities among the trees can easily be explained by the facts that: (i) the conserved sequence regions are the best conserved elements of these enzymes, i.e. they may be considered as their "sequence fingerprints" (Janecek 2002) ; and (ii) the TIM-barrel represents on average ∼60% of the enzyme length, i.e. it is a substantial part of the protein chain (Janecek et al. 2003) . Perhaps slight visual differences, such as shortened branches, can be seen in the conserved-sequence-regions tree (Fig. 4c ) when compared with the other trees ( Fig. 3 and Fig. 4a,b) . This reflects the alignment of very similar and short sequence regions, i.e. the segments around the strands β2, β3, β4, β5, β7 and β8 of the TIM-barrel, e.g., 489 GVTHIELLP, 621 DVVYNH, 692 GFRFDLMGY, 721 YFFGEGWD, 848 YVSKHD and 890 GIAFDQQGS in the PUL from K. pneumoniae. The presence of the clusters that are better separated from each other in an evolutionary tree is a feature characteristic of the trees based on the short alignments (i.e. conserved sequence regions) where the differences between the sequences are automatically neglected (Zona et al. 2004) .
Interestingly, the C-domain tree (Fig. 4d ) exhibits most dissimilarities to the trees discussed above. Similar phenomenon has been observed in domain evolution of the α-amylase family members containing the CBM20 module (Janecek et al. 2003) . Only the GBEs and SBEs keep themselves together in a cluster with taxonomy-respecting arrangement within their cluster (Fig. 4d) . With regard to MOTHs, IAMs and PULs, these three GH13 PUL subfamily enzyme specificities are more-or-less scattered in the tree, although at least some taxonomic groups are still positioned in clusters, such as plant IAMs and plant PULs as well as archaeal MOTHs (Fig. 4d ).
